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Introduction
It is generally assumed that during muscle con traction a cyclical forming and breaking of cross bridges between thick and thin filaments of muscle takes place. These crossbridges are formed by the HMM part of the myosin molecules of the thick fila ments. Because actin and m yosin form spontane ously actomyosin in vitro one has to assume that the form ation of the bridges between the two fila ments is thermodynamically spontaneous and that ATP is used to break formed bridges in order to prepare them for the next cycle. At high ionic strength, the actin-myosin dissociating effect of ATP prevails and gives rise to a drastic reduction of actomysin ATPase. Obviously, binding of actin to m yosin is a basic process in muscular contrac tion. In vitro studies of the interaction of the two proteins may therefore provide information relevant to the understanding of muscular contraction. This tion of the tropomyosin-troponin complex as well as its relation to actin is still a matter of investiga tion (cf. Spudich and W att6; Spudich et a l.7; Ebashi et a l.8; Greaser and Gergely 9) we circum vented this uncertainty by using an actin-tropomyosin-troponin preparation which could easily and reproducibly be obtained as a whole and which showed all properties it should have (Ca-dependent activation of myosin ATPase at low ionic strength and in the presence of M g ). This preparation is called actin-tropomyosin-troponin in this paper.
Methods

Preparation of proteins
Myosin and F-actin
Myosin and F-actin are essentially prepared as described earlier (D ancker1). From rabbit skeletal muscle myosin was extracted with 0.6 M KC1, sepa rated from actin by centrifuging in 5 m M MgCl2 , 5 m M ATP at 150 000 x g ; remaining actomyosin (if any) was precipitated by reducing the KC1 con centration to 0.25 M. F-actin was extracted from acetone muscle powder with ice-cold water, partially polymerized in 0.7 m M MgCl2 , pH 8.
Actin-tropomyosin-troponin
The search for a convenient actin-tropomyosintroponin preparation started from the observation that sometimes, after centrifugation of polymerized actin, from the remaining supernatants actin prepa rations could be obtained that yielded together with myosin a highly Ca-dependent actom yosin ATPase. Obviously, if actin extracts contain the regulatory proteins tropomyosin and troponin a certain propor tion of actin is kept in the supernatant. Therefore, in order to develop a reliable preparation method, it is necessary that sufficient tropomyosin-troponin has been extracted prior to ultracentrifugation. Actin and tropomyosin-troponin must have been in contact before centrifugation of polymerized actin. The following procedure was applied. Actin aceton powder was extracted for 45 min with distilled water at room temperature, then KC1 was added to a final concentration of 0.8 M, the pH was adjusted to 7 with histidine buffer and extraction was continued for one more hour. The extract was filtered and centrifuged for 2 hours at 115 0 0 0 x g in order to precipitate the polymerized actin. To 100 ml of supernatant 30 g solid (N H 4) 2S 0 4 were added. The precipitate was dissolved in water and dialyzed over night in the cold against weakly buffered solution (about 2 mM tris-maleate, pH 7 .2 ). The preparation tended to become gelatinous, if it became more acid than pH 6.5.
Binding between actin and myosin
For this purpose F-actin, actin-tropomyosin-troponin or myosin were labelled with radioactive 14C-NEM.
Preparation of radioactive F-actin
Radioactive NEM (final concentration 50 /<m) was added to the water extract of acetone powder before polymerization of actin and ultracentrifuga tion. Unbound NEM was removed by depolymerizing and repolymerizing the F-actin in 0.1 M KC1.
Preparation of radioactive actintropomyosin-troponin
After ultracentrifugation of the acetone powder extract radioactive NEM was added to the super natant to a final concentration of 1 //M 30 min before ammonium sulfate precipitation. Then the precipitate was dissolved in a large amount of water in order to dilute unbound NEM and precipitated once more with ammonium sulfate. Afterwards it was dialyzed as already described.
Preparation of radioactive myosin
Myosin (about 5 m g/ml) was incubated for 20 min at pH 7.2 with 1 //M NEM and then twice precip itated and dissolved by variation of ionic strength in order to remove unbound NEM.
Performance of the bind in g experiments
The principle of the binding experiments was to centrifuge down the formed actomyosin under con dition under which the free labelled compounds were soluble. The radioactivity in the pellet was counted. When both actin and myosin should be measured each experiment was performed twice under indentical conditions with either labelled actin and unlabelled myosin or vice versa. The experi ments were done at room temperature and in 10 ml assays, pH 7. The actomyosin pellets were dissolved in hyamine and counted in a solution containing dioxane and ®omnifluor (98% PPO + 2% bis MSB) in a Packard Liquid Scintillation counter.
Determination of ATPase activity
ATPase activity was measured at room temper ature under conditions optimal for the contractile actom yosin ATPase. 10 ml assays contained 0.03 m KC1, 0.02 m tris-maleate buffer, pH 7.2; 2 mM MgClo , 2 m M ATP and about 1.5 -2.0 mg myosin, about 1 mg F-actin or 1.5 mg actin-tropomyosintroponin. The measurements were started by adding the A TP; aliquots were taken at 1 and 4 min and given into trichloroacetic acid (final concentration about 2% ). Inorganic phosphate was measured according to Rockstein and Herron 2.
Further experimental procedures
Tryptic digestion. Actin-tropomyosin-troponin was digested at a weight ratio trypsin : actin = 1 : 10 at pH 7.2. The reaction was stopped with the double amount (with respect to trypsin) of soy bean trypsin inhibitor.
Polyacrylamide gel electropho resis was performed according to Weber and O sb orn 3 with the follow ing modifications: Acrylamide concentration was 7.5%; SDS (final concen tration 1%) was only used to dissolve the protein but was omitted from the gel (no differences were found between runs with and without SDS in the g e l). Na-glycerol-1-phosphate buffer (pH 7.4, 0 .0 5 m ) was used as gel and electrode buffer. On the other hand, the myosin content of acto m yosin increases when the amount of added myosin is increased. This is seen in Fig. 1 B (inset) Table I which Table II it can be deduced that as an average 0.37 mg actin/m g m yosin was m aximally bound, indicating that under these conditions half of the actin units of the F-actin fibrils have been combined with myosin although in some experiments as that of Fig. 2 , a larger amount of actin has eventually been bound. However, in all experiments in which actin binding has been com pared in the absence and presence of ATP, we found more actin bound in the absence of ATP than in its presence.
Results
Binding
Actin-tropomyosin-troponin activates myosin ATPase to the same extent as does F-actin but with a concentration of half-saturation which is about twice of that with F-actin, which can be explained by the lower actin content of actin-tropomyosintroponin. 
Interaction of actin and myosin as revealed by vis cosity measurements
The different kind of interaction of myosin with F-actin or actin-tropomyosin-troponin is further illus trated by the viscosity of the respective actomyosins in 0.6 M KC1. In Fig. 4 Fig. 4 . It can be seen that the reduced viscosity of F-actin is much higher and much more strongly dependent on protein concentration than that of actin-tropomyosin-troponin. That this viscosity dif ference is not sim ply due to "dilution" of actin by the regulatory proteins can be inferred from the fact, that the reduced viscosity of a mixture of 30% F-actin and 70% tropomyosin-troponin has still a higher reduced viscosity than that of the actintropomyosin-troponin preparation used in this paper. The strong non-linear dependence on protein con centration of actom yosin viscosity is completely abolished by ATP, so that the reduced viscosity, which is now very low, is no longer concentrationdependent.
Interaction of tryptic digested actin-tropomyosintroponin with myosin.
F-actin is very resistant against tryptic digestion ( 13; own control experiments not shown in detail), but digestion of actin-tropomyosin-troponin reduces the ability of this actin preparation to activate myosin ATPase at low ionic strength considerably. This is shown in Fig. 5 . The ATPase activity of actomyosin formed from actin-tropomyosin-troponin declines to about 50% of the initial value after about 30 sec of digestion of actin-tropomysin-troponin. The amount of radioactivity, which is bound to m yosin by means of actin-tropomyosin-troponin is even more reduced. It is, however, difficult to say how much protein has been removed by digestion, because we do not know how the radioactive NEM is distributed over the different parts of actin-tropomysin-troponin. One must, however, assum e that most of the radio activity is bound to the tropomyosin-troponin part, because, according to our own experience, F-actin is rarely labelled under the conditions, which are used to combine actin-tropomyosin-troponin with radioactive NEM. The result of Fig. 5 is therefore (Table I ) . On the other hand, it is completely precipitated when only a part of it has bound actin (Fig. 2, Table I ). Obviously, the binding of few m yosin molecules to actin promotes aggregation to m yosin filaments of all the myosin molecules present. These newly formed filaments possess still free binding sites for actin and have accordingly not yet the full ATPase activity. That actin promotes the form ing of myosin filaments can further be inferred from the long known experience (which is used in experiments like that of Fig. 1 A) that in the absence of ATP actom yosin precipitates at a higher ionic strength than m yosin alone. In the presence of MgATP the first monomeric myosin molecules which subsequently give rise to filament formation must have been bound to actin with a presumably very high affinity which seems to be much higher than that of HMM or H M M -Sj, which both are monomeric too but which lack the long "tail" of the m yosin molecule. If so, one has to assume that actin-myosin interaction is deeply in fluenced by the LMM-part, the tail, of the myosin molecule.
To 
Interaction of myosin with actin-tropomyosintroponin
The preceding discussion has considered how the form of m yosin may influence actin-myosin interac tion. That, on the other hand, the state of actin modifies actin-myosin interaction can be deduced from the experiments in which actin-tropomysintroponin is present. It looks as if myosin behaves differently towards F-actin when actin-tropomyosintroponin, which is already bound, has to be dis placed (Fig. 3 ) , since F-actin displays now a sig moid rather than a hyperbolic binding curve. The actin-tropomyosin-troponin preparation does not only differ from F-actin in that it contains the regulatory proteins but also in the properties of its actin part. Actin-tropomyosin-troponin is always obtained from actin extracts when F-actin has been precipitated by ultracentrifugation. Obviously, the regulatory proteins which remain in the supernatant can bind small amounts of actin, which seem to be less polymerized than the F-actin already removed. This interpretation is supported by the viscosity measurements. The low actin content of actin-tropomyosin-troponin distinguishes it from actin-tropo myosin-troponin com plexes described in the litera tu re6. F-actin and tropomyosin-troponin form com plexes with about twice as much actin (by weight) as tropomyosin-troponin (Spudich et a l.", Spudich and W a tt6, Maruyama and E b ash i31) . Accordingly, it seems that our preparation is more an actin-containing preparation of tropomyosin-troponin; but on the other hand, if there would be an excess of free tropomyosin-troponin one should expect, that, when radioactive actin-tropomyosin-troponin is displaced by F-actin (Fig. 3) most of the radioactivity which belongs most likely more to the tropomyosin-tropo nin part than to the actin part of actin-tropomyosintroponin should now move to F-actin and hence should remain bound. This, however, is not the case so that one has to assume that the whole actin-tropo myosin-troponin and not only its actin part is dis placed from myosin. This actin-tropomyosin-troponin preparation must therefore be more than a mere m ix ture of actin and tropomyosin-troponin.
We are very much indebted to Prof. W. Hasselbach for his interest and for valuable suggestions during the course of the work and during the prepa ration of the manuscript.
